Cell surface proteins are internalized into the cell through endocytosis and either degraded within lysosomes or recycled back to the plasma membrane. While perturbations in endosomal internalization are known to modulate renal function, it is not known whether similar alterations in recycling affect renal function. Rififylin is a known regulator of endocytic recycling with E3 ubiquitin protein ligase activity. In this study, using two genetically similar strains, the Dahl Salt-sensitive rat and an S.LEW congenic strain, which had allelic variants within a < 330 kb segment containing rififylin, we tested the hypothesis that alterations in endosomal recycling affect renal function. The congenic strain had 1.59-fold higher renal expression of rififylin. Transcriptome analysis indicated that components of both endocytosis and recycling were upregulated in the congenic strain. Transcription of Atp1a1 and cell surface content of the protein product of Atp1a1, the alpha subunit of Na + K + ATPase were increased in the proximal tubules from the congenic strain. Because rififylin does not directly regulate endocytosis and it is also a differentially expressed gene within the congenic segment, we reasoned that the observed alterations in the transcriptome of the congenic strain constitute a feedback response to the primary functional alteration of recycling caused by rififylin. To test this, recycling of transferrin was studied in isolated proximal tubules. Recycling was significantly delayed within isolated proximal tubules of the congenic strain, which also had a higher level of polyubiquitinated proteins and proteinuria compared with S. These data provide evidence to suggest that delayed endosomal recycling caused by excess of rififylin indirectly affects endocytosis, enhances intracellular protein polyubiquitination and contributes to proteinuria.
INTRODUCTION
The composition of plasma membranes of virtually all eukaryotic cells is established, maintained, and remodeled by exocytosis, endocytosis, and a process of membrane recycling facilitated by endosomes. Cells are estimated to internalize their cell surface equivalent one to five times per hour (Steinman et al., 1983) . This rapid removal of membrane from the cell surface is balanced by endosomal recycling pathways, which return most of the endocytosed proteins and lipids back to the plasma membrane (Maxfield and McGraw, 2004) . Thus, a stringent regulation of recycling is essential to maintain the balance between endocytic uptake and recycling pathways. Disruptions in endocytosis and recycling are known to adversely affect diverse cellular processes (Yamamoto et al., 2000; Hryciw et al., 2006; Golachowska et al., 2010; Stendel et al., 2010) .
Kidneys reabsorb >95% of all proteins filtered through the glomerular apparatus (Nielsen, 1993) . Proteinuria is one of the markers of renal dysfunction. Within the apical membranes of proximal tubule cells in the kidney, an extensive endocytic apparatus plays a key role in the reabsorption and degradation of glomerular-filtered albumin and other proteins (Marshansky et al., 2002) and in the recycling of many functionally important membrane transporters (Brown and Stow, 1996) . We hypothesized that any alterations in endosomal recycling disrupts cellular homeostasis and thereby could affect renal function. The current study was designed to test whether altered endosomal recycling facilitated by a congenic segment previously mapped on rat chromosome 10 containing rififylin can affect renal molecular and cellular physiology and thereby contribute to the extent of protein excretion in a rat model of cardiovascular and renal disease.
MATERIALS AND METHODS

ANIMALS
All of the animal experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and as per approved protocols by the institutional animal care and use review committee of the University of Toledo College of Medicine and Life Sciences. The congenic strain used in the current study was constructed in our laboratory using S and LEW rats. The strain is designated as S.LEW (10) × 12 × 2 × 3 × 5 and the construction of this congenic strain is detailed elsewhere .
cDNA ANALYSES
mRNA from kidneys of neonates and 53 days old rats were extracted using TRIzol Reagent (Life Technologies). cDNA was obtained by reverse transcription with SuperScript III (Invitrogen) using an Oligo dT primer. Using genomic sequence data for rat Rffl gene available at the Ensembl website 1 , sense (5 CAGCTGAAGGAGATCCTGGC3 ) and antisense (5 CCATGCAAATCTTACACAGGTTC3 ) primers were designed to amplify exons 4-6 of the Rffl transcript by PCR. The resultant cDNA product was confirmed by sequencing using services provided by MWG Biotech Inc. DNA alignments were done using the sequence analysis software Sequencher from GeneCodes Corporation. Transcript expression of Rffl was analyzed by Real-Time PCR (BioRad) and expression levels relative to Gapdh were calculated by the 2 −∆∆CT method (Livak and Schmittgen, 2001 ).
IMMUNOBLOT ANALYSES
Protein lysates were prepared as described previously and subjected to Tricine/SDS-PAGE, transferred to PVDF membrane, incubated with specific primary antibodies followed by secondary antibodies and processed by ECL. Membranes were re-probed with monoclonal anti-Gapdh. The immunoblots were analyzed by densitometric scanning using Image J software. Sources of primary antibodies: Cell Signaling Technology (anti-Gapdh), Abcam (anti-Rffl), the Developmental studies hybridoma bank at the University of Iowa (monoclonal antibody against the Na + K + ATPase α-1 subunit, clone α6F), Santa Cruz Biotechnology (Donkey anti-rabbit IgG-HRP conjugate).
EARLY ENDOSOME ISOLATION AND WESTERN BLOT ANALYSIS OF
Early endosome (EE) fractions (Eea-1 and Rab5 positive) were isolated from renal proximal tubules by sucrose flotation centrifugation as previously described . The enrichment of EE fractions was assessed by the EE marker Eea-1. Equal amount of total proteins (25 µg) from the EE fraction of each sample was precipitated with trichloroacetic acid for subsequent western blot analysis.
1 www.ensembl.org (C) Quantification of Rffl transcripts relative to S rats by real-time PCR using whole kidney samples from 53-day-old rats (n = 6 animals per group). Immunoblot of Rffl in (D) whole-cell lysates from S (n = 3) and congenic (n = 3) rat kidneys at 53 days of age; (E) proximal tubules from S (n = 3) and congenic (n = 3). RFFL (NP_0010717368, 2aa-99aa, 36.41 kDa) partial recombinant protein was used as positive control and Gapdh was the loading control. Quantification of Rffl protein ± SEM is shown alongside.
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August 2012 | Volume 3 | Article 138 | 2 WHOLE GENOME TRANSCRIPTIONAL PROFILING RNA was isolated from the kidneys of concomitantly raised, male, 53-day-old S, and congenic rats (n = 6 per group) using TRIzol and purified by RNeasy kit (Qiagen). RNA from two animals was pooled. Three such pooled RNA samples from S and congenic rats were hybridized to Affymetrix Rat Expression Arrays 230 2.0. The arrays were scanned at the Genomics core laboratory of the University of Toledo http://www.utoledo.edu/med/depts/bioinfo/cores/genointro.html. Statistical analyses of the microarray data were performed using the R statistical package (version 2.8.1). The microarray data are in compliance with the Minimum Information About Microarray Experiments and were uploaded into the Gene Expression Omnibus database 2 . Pathway analysis was conducted using Ingenuity Systems Pathway Analysis 3 .
ISOLATION AND PRIMARY CULTURE OF RAT PROXIMAL TUBULE CELLS
Primary rat proximal tubule (RPT) cells were isolated from cortices of rat kidneys from S and congenic rats as described previously .
LABELING OF CELL SURFACE NA/K-ATPASE BY BIOTINYLATION
Cell surface biotinylation of Na/K-ATPase in proximal tubule primary cultures was performed as previously described (Liu et al., 2002 (Liu et al., , 2004 
TRANSFERRIN RECYCLING
Transferrin recycling was studied as described previously . In brief, isolated proximal tubules were maintained at 37˚C with 5% CO 2 and allowed to internalize a fluorescent derivative of transferrin (Alexa 488 -Tf, Molecular Probes) for 90 min at 37˚C and washed three times with ice cold PBS. Recycling was induced by warming the cells to 37˚C in a serum free medium containing 0.1% BSA and a 100-fold excess of unlabelled holotransferrin (Sigma) and monitored by live imaging using a Leica TCS SP5 laser scanning confocal microscope. Just before monitoring, DRAQ5 was added to visualize the nuclei. Cells were imaged using a 488 and 433 laser line in the XY plane with scanning set at 30 s intervals for 30 min. Paired time lapse studies were performed in triplicate using the same gain, offset, and laser power settings to ensure that there were no intensity differences due to the acquisition settings between S and Congenic. Mean fluorescent intensity was measured in Image J at individual time points of the acquired images.
POLYUBIQUITINATED PROTEINS
Polyubiquitin-modified proteins were isolated from kidneys using the Pierce Ubiquitin Enrichment Kit as per previously published procedures .
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URINARY PROTEIN EXCRETION
Urinary Protein Excretion (UPE) determination was done as previously described . Briefly, at 53 days of age, rats fed with low salt (0.3% NaCl) was housed individually in metabolic cages and urine was collected over a 24-h period. Urinalysis was conducted using services provided by the University of Toledo Medical Center. The pyrogallol based QuanTtest Red Total Protein Assay from Quantimetrix (Redondo Beach, CA, USA) was used to determine protein concentrations of the urine samples. A VERSAmax microplate reader from Molecular Devices (Sunnyvale, CA, USA) was used to determine absorbance at 600 nm. Protein concentrations were determined by reading against the absorbance of the QuanTtest human protein standards (25-200 mg/dL). UPE data is presented as mg/mg creatinine over a 24-h period.
STATISTICAL ANALYSES
All phenotypic data obtained from the two groups (congenic and S rats) were statistically analyzed by Student t -test. A p-value of <0.05 was considered statistically significant. Statistical analyses of the microarray data were performed with robust multiarray averaging and Benjamini and Hochberg adjustment using the R statistical package (version 2.8.1).
RESULTS
The rat strains chosen as tools for this study were the Dahl S rat and a > 99% genetically identical strain, the S.LEW congenic strain, which has a < 330 kb of the LEW rat genome introgressed onto the genome of the S rat ( Figure 1A ). At 52 days of age, the systolic blood pressure of the congenic strain measured by the telemetry method was 138 ± 2 mmHg compared with that of the S, 132 ± 2 mmHg, p < 0.01 . The introgressed segment contained the gene rififylin, overexpression of which is known to cause a delay in endosomal recycling in cardiomyocytes . Rififylin was also transcribed in the kidneys of both the S and the congenic strain ( Figure 1B) , however, kidneys of congenic rats had a 1.56-fold higher mRNA of rififylin compared with that of the S (p < 0.001; Figure 1C ). Protein levels of rififylin were also higher both in the kidney and within the proximal tubules of congenic rats compared with S ( Figures 1D,E) .
To study the alterations in the renal transcriptome between the S and the congenic strain with increased expression of rififylin, a whole genome renal transcriptome analysis was conducted. A total of 1082 probes representing 838 genes and 244 ESTs were upregulated in the congenic strain compared with S. Similarly, a total of 785 probes representing 423 genes and 362 FIGURE 2 | Illustration of the IPA network analysis of the differentially expressed transcripts associated with Clathrinmediated endocytosis and recycling. Transcripts shown in red were upregulated and green were down-regulated in the congenic strain compared with S. The fold changes of the corresponding Affymetrix probes are given in Table 1 . Table A1 in Appendix.
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ESTs were down-regulated in the congenic strain compared with S (GSE30770). Among these transcripts, the highest differential expression of 5.33-fold was observed with Atp1a1, which was upregulated in the congenic strain compared with S (Table A1 in  Appendix) . Notably, a number of transcripts coding for proteins either directly or indirectly related to the sorting of endosomes were upregulated in the congenic strain compared with S. The relative changes in gene expression of differentially expressed genes are in Table 1 . The networks of these gene products that facilitate clathrin-coated membrane invagination and endocytosis are depicted in Figure 2 . The other genes differentially expressed belonged to two prominent networks related to cellular morphology and renal associated function (Figures 3A,B) . While Atp1a1 featured in the network represented in Figure 3A , several transcripts coding for Rab proteins including Rab5 which regulates transport from plasma membrane to EEs and Rab11 involved in endocytic recycling (Trischler et al., 1999) featured in the network represented in Figure 3B . The fold changes of all the transcripts within these two additional networks are given in the Table A1 in Appendix.
Next, we assessed the content of the protein product of the most differentially expressed gene, Atp1a1. Within the proximal tubules, the total protein content of the alpha subunit of Na + K + ATPase (referred to hereafter as alpha 1) was not different between S and the congenic strain (data not shown). Protein levels of alpha 1 were not different between the early endosomal fractions isolated from the proximal tubules of the congenic strain and the S (data not shown). However, surface biotinylation experiments indicated that the content of alpha 1 was notably higher on the cell membranes from the congenic strain compared with S (Figure 4) . Total polyubiquitinated proteins were also significantly higher in the congenic strain compared with S ( Figure 5) .
To assess the extent of endosomal recycling in the kidney of the congenic strain with increased expression of Rffl, recycling of fluorescently labeled transferrin was monitored in individual proximal tubules. As shown in Figures 6A,B , recycling of transferrin was significantly delayed in the congenic strain compared with S.
These observations, coupled with the fact that rififylin residing within the congenic segment is a regulator of cellular protein recycling, suggested that the primary delay in recycling of endosomes caused membrane proteins to accumulate intracellularly within the proximal tubules from the congenic strain. Because similar defects in membrane traffic and enhanced degradation of proteins are known to cause proteinuria (Marshansky et al., 2002) , we tested the urine composition of the two rat strains at a very young age of 53 days. The total protein excretion was significantly higher by 31% in the congenic strain (11.91 ± 1.12 mg/mg creatinine/day) compared to that in the S (8.26 ± 1.08 mg/mg creatinine/day, p = 0.016; Figure 7) . The other urinary parameters analyzed, i.e., urea nitrogen, glucose, and creatinine excretion were not significantly different between the S and the congenic strain (data not shown).
DISCUSSION
Hypertension in the Dahl S rat is accompanied with proteinuria (Sustarsic et al., 1981; Sterzel et al., 1988; 2003). Compared to the S rat, both blood pressure and UPE are further increased in the congenic strain reported in the current study. We have previously demonstrated that overexpression of rififylin in the neonatal cardiomyocytes of this congenic strain is linked to short QT-interval and hypertension . While alterations in QT-interval can contribute to the development of hypertension (Baumert et al., 2011) , it does not independently explain the observed increase in UPE of the congenic strain. Because rififylin is also reported to be expressed in other tissues (Coumailleau et al., 2004) , we suspected that the fundamental cellular mechanism altered by the overexpression of rififylin could be operational Frontiers in Genetics | Genomic Physiology in the kidney wherein rififylin is expressed at higher levels in the congenic strain compared with S. The present study provides evidence to suggest that upregulation of rififylin in the congenic strain compared with S is not limited to the heart, but is also observed at least in one additional organ, the kidney. Functional analysis of rififylin revealed that endocytic recycling is delayed within the proximal tubules. The renal transcriptome signature is reminiscent of perturbations in the endosomal sorting and transport pathways, alterations in which are reported to lead to proteinuria (Nielsen, 1994; Nielsen and Christensen, 2010) .
Several structural proteins and GTPase regulators are indispensable for recycling endosomes (Grant and Donaldson, 2009; Schweitzer et al., 2011) . Rififylin, also known as Carp-2, is a recent addition to the growing list of proteins associated with the cellular recycling machinery. Coumailleau et al. (2004) described that overexpression of rififylin represents a novel means to inhibit recycling. Using deletion mutants, they demonstrated that the amino-terminal region of rififylin is critical for the recruitment of Rffl to recycling endocytic membranes and for the inhibition of recycling. The current study of delayed recycling in proximal tubules caused by increased renal expression of Rffl along with a previous similar report on cardiomyocytes from our group represent the first two in vivo validations of the in vitro studies on HeLa cells reported by Coumailleau et al. (2004) .
Transcriptome profiling demonstrates that there are numerous changes in gene transcript levels in the kidneys of S versus the congenic strain. According to the IPA network analysis, genes upregulated were in networks including cellular assembly and organization, cellular function and maintenance and cell morphology, www.frontiersin.org FIGURE 7 | Urinary protein excretion in S and congenic rats. Twenty-four hours urine samples were collected from S (n = 13) and congenic (n = 12) rats and total protein was quantitated. UPE data is presented as mg/mg creatinine over a 24-h period.
all of which are processes known to involve endocytic recycling (Schweitzer et al., 2011) . Two lines of evidence further point to impaired endocytic recycling: (1) upregulation of transcripts in the clathrin-mediated endocytosis and recycling pathways and (2) delayed recycling of transferrin.
Additionally, Coumailleau et al. (2004) have reported that rififylin per se does not affect endocytosis. Therefore any alteration in endocytosis is perhaps a representation of the concerted cellular feedback response to the primary defect in recycling in order to maintain cellular homeostasis.
A defect in recycling should either demonstrate an increased accumulation of cargo within the endosomes or trigger degradation of proteins. Evidence from increased polyubiquitinated proteins within the proximal tubules of the congenic strain compared with S point to the latter, i.e., upregulation of the cellular degradation machinery. This is not surprising because rififylin is also a known E3 ubiquitin ligase and we have previously demonstrated similar increased cellular polyubiquitination of proteins within the cardiomyocytes of the congenic strain used in the current study compared with S . Increased accumulation of polyubiquitination leads to cellular stress, which is known to adversely affect proteinuria (Meyer-Schwesinger et al., 2011). Therefore, it is possible that the increased accumulation of polyubiquitinated proteins in the congenic strain relative to the S, atleast in part, contributes to the observed increased in proteinuria of the congenic strain.
The increase in blood pressure of this strain has been previously attributed partly to increased heart rate observed in the congenic strain . The current study indicates that an additional factor contributing to the increased blood pressure of the congenic strain could be due to the compensatory mechanism of increased transcription and availability of the Na + K + ATPase at the surface of cells within the proximal tubules, which may cause increased sodium retention and thereby increase blood pressure.
Overall, three main reasons lead us to conclude that overexpression of rififylin within the congenic strain compared with S is a contributor to the observed alterations in kidney function as noted by alterations in proteinuria -(1) the two strains compared were genetically identical except for the very short <330 kb congenic segment harboring rififylin; (2) two known functional consequences of delayed endocytic recycling and accumulation of polyubiquitinated proteins (Coumailleau et al., 2004 (Coumailleau et al., , 2005 as a result of overexpression of rififylin were recapitulated in the congenic strain; and (3) Rffl is a candidate gene within the congenic interval that is reported to affect both recycling and polyubiquitination. Despite these compelling arguments, it remains to be determined using future mapping studies to further dissect the <330 kb congenic segment as to whether additional factors within the congenic interval also contribute to the reported phenotypes.
Given that alpha1 is not within the congenic segment, it is also reasonable to conclude that the primary physiological perturbations that may have lead to the observed increase in transcription of alpha1 and the increased alpha 1 content on the plasma membrane is a compensatory mechanism. Of course, we would expect increased blood pressure as one of the consequences to this compensatory mechanism and the congenic strain indeed has higher blood pressure at a very young age of 52 days. Further, a prolonged cellular stress as a result of accumulation of excess proteins marked for degradation could be viewed as being highly detrimental because the congenic strain is reported to have a decreased life span compared with S .
Genome-wide association and linkage studies in humans and model organisms point to a number of candidate genes for chronic renal disease and/or albuminuria (Liu and Freedman, 2005; Krolewski et al., 2006; Turner et al., 2006; Arar et al., 2007 Arar et al., , 2008 Garrett et al., 2007 Garrett et al., , 2010 Hwang et al., 2007; Iyengar et al., 2007; Leon et al., 2007; Martinez et al., 2010; Sterken and Kiryluk, 2010) . The genome-wide association studies in particular only represent <1.5% of the total variance in albuminuria observed in human populations. Therefore a large number of loci causing or contributing to renal function disorders in humans remain unidentified. Genome-wide studies have identified single nucleotide polymorphisms around the gene coding for rififylin in humans to QT-intervals (Newton-Cheh et al., 2009; Pfeufer et al., 2009 ), but not to any renal phenotypes. Through the discovery of a link between endosomal recycling, enhanced degradation, and a resultant altered trafficking of proteins within the proximal tubules, the present study provides the basis for evaluating rififylin as a novel candidate gene for renal disease characterized by proteinuria in humans.
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